Recently, multi-carrier code division multiple access (MC-CDMA) has been attracting much attention as a broadband wireless access technique for the next generation mobile communication systems. Frequency-domain equalization (FDE) based on the minimum mean square error (MMSE) criterion can take advantage of the channel frequencyselectivity and improve the average bit error rate (BER) performance due to frequency-diversity gain. The conventional FDE requires the insertion of the guard interval (GI) to avoid the inter-block interference (IBI), resulting in the transmission efficiency loss. In this paper, an overlap FDE technique, which requires no GI insertion, is presented for MC-CDMA transmission. An expression for the conditional BER is derived for the given set of channel gains. The average BER performance in a frequency-selective Rayleigh fading channel is evaluated by Monte-Carlo numerical computation method using the derived conditional BER and is confirmed by computer simulation of the signal transmission.
Introduction
Broadband data services are demanded in the next generation mobile communication systems. However, the broadband mobile channel is composed of many propagation paths with different time delays, producing severe frequency-selective fading channel, and the transmission performance degrades due to severe inter-symbol interference (ISI) [1] , [2] . Recently, multi-carrier code division multiple access (MC-CDMA), which uses a number of lower-rate orthogonal subcarriers to reduce the ISI resulting from frequency-selective channel, has been attracting much attention [3] - [5] . A good bit error rate (BER) performance can be achieved by using frequency-domain equalization (FDE) based on the minimum mean square error (MMSE) criterion [5] . MMSE-FDE can also be applied to the single-carrier transmission, e.g., direct-sequence CDMA (DS-CDMA), to obtain a good BER performance similar to that of MC-CDMA [6] - [8] . The conventional FDE requires the insertion of guard interval (GI) to avoid the interblock interference (IBI); however, the GI insertion reduces the transmission efficiency. Recently, an FDE technique that requires no GI insertion, called the overlap FDE, was proposed for the single-carrier transmission [9] , [10] . The overlap FDE can also be applied to MC-CDMA. In this paper, we apply overlap FDE to MC-CDMA downlink transmis- sion and present the theoretical BER analysis of MC-CDMA with overlap FDE. The remainder of this paper is organized as follows. Section 2 describes overlap FDE. The transmission system model of MC-CDMA using the overlap FDE is presented in Sect. 3 . The conditional BER analysis is presented in Sect. 4. In Sect. 5, the theoretical average BER in a frequency-selective Rayleigh fading channel is numerically evaluated by Monte-Carlo numerical computation method using the derived conditional BER and is confirmed by computer simulation of the signal transmission. Section 6 offers some conclusions.
Overlap FDE
For the conventional FDE, the GI is inserted so that the received signal block over the fast Fourier transform (FFT) block becomes a circular convolution between the channel impulse response and the transmitted signal block. Without the GI insertion, the inter-block interference (IBI) is present only around the beginning of the received signal block. The residual IBI after the MMSE-FDE is given by the circular convolution between the IBI and the MMSE-FDE filter impulse response. The impulse response of MMSE-FDE filter is shown in Fig. 1 for an FFT block size of 512 samples and a sample-spaced L = 16-path Rayleigh fading channel with uniform power delay profile. As seen from Fig. 1 , the impulse response concentrates at the vicinity of t = 0. Therefore, the residual IBI after MMSE-FDE is localized near the both ends of FFT block. This is exploited by the overlap Fig. 1 Impulse response of MMSE-FDE filter. FDE to suppress the IBI. For performing overlap FDE, the FFT block size is increased to an integral multiple of N c , as shown in Fig. 2 . A central part of N c samples is picked up from the equalized output. By doing so, the residual IBI can be sufficiently suppressed. By increasing the FFT block size, the residual IBI can be suppressed more; however, the computational complexity increases. In this paper, we assume an FFT block size of 2N c samples.
Transmission System Model
In this paper, the downlink transmission is considered. Figure 3 illustrates the transmitter and receiver structure for MC-CDMA with overlap FDE. Throughout the paper, sample-spaced discrete-time signal representation is used.
At the transmitter, U data symbol sequences d u (i), u = 0 ∼ (U − 1), to be transmitted are respectively spread by orthogonal spreading codes {c u (t); t = 0 ∼ (SF − 1)}, u = 0 ∼ (U − 1), to obtain the multi-code chip sequence, where SF denotes the spreading factor, and further multiplied with a scrambling sequence c scr (t). To generate the MC-CDMA signal with N c subcarriers, N c -point IFFT is applied. In the conventional MC-CDMA transmitter, the guard interval (GI) is inserted to the transmit signal. However, overlap FDE requires no GI insertion, thereby, the transmission efficiency is improved.
At the receiver, 2N c -point FFT is applied to decompose the received signal into 2N c frequency components, and the FDE is applied. The time-domain signal of 2N c samples is recovered by 2N c -point IFFT. After picking up the N csample center part, MC-CDMA signal demodulation is carried out.
Transmit Signal
The MC-CDMA signal s(t) can be expressed using the equivalent low-pass representation as
where
is the m-th MC-CDMA signal, and
In Eq. (3), P is the transmit power per user and x is the largest integer smaller than or equal to x.
Received Signal
The MC-CDMA signal s(t) is transmitted over a frequencyselective fading channel. We assume a sample-spaced L-path frequency-selective block fading channel. The complex-valued path gain and time delay of the l-th propagation path are denoted by h l and τ l , respectively. We assume τ l = lT c , where T c is the FFT/IFFT sampling period. The received signal r(t) is expressed as
2N c -point FFT is applied to decompose the received signal block {r(t); t = (m − 1/2)N c ∼ ((m + 3/2)N c − 1)} into 2N c frequency components for the reception of the m-th MC-CDMA signal as shown in Fig. 4 . For performing FFT, the desired signal block needs to be expressed as a circular convolution between the channel impulse response and the transmitted signal block of 2N c samples. Since the GI is not inserted, the IBI appears. We express r(t) for t 
where u 0 (t) is the unit step function.
Overlap FDE
2N c -point FFT is applied to decompose the received signal r m (t) into 2N c frequency components
Then, R m (q) is multiplied by the FDE weight w(q) aŝ
We consider three FDE weights: zero-forcing (ZF), maximal ratio combining (MRC) and MMSE, given as [4] , [5] :
where 2σ 2 is the variance of the IBI plus noise. The ZF weight can perfectly restore the frequency-nonselective channel. The MRC weight maximizes the received signalto-noise power ratio (SNR). The MMSE weight minimizes the mean square error (MSE) between Y m (q) andR m (q) as
To suppress the residual IBI, we pick up the center part of N c samples ofr m (t). The resulting outputŝ m (t), t = 0 ∼ (N c − 1), can be expressed aŝ
MC-CDMA demodulation is done by applying
where X m (k),Ñ m (k), andΠ m (k) are the residual inter-symbol interference (ISI) from the (m − 1)-th and (m+1)-th MC-CDMA symbols, the residual IBI, and noise, respectively. They are expressed as
with
After the descrambling and despreading, the decision variabled
whereΛ u denotes the residual inter-code interference (ICI) and
BER Analysis
We assume the quaternary phase shift keying (QPSK) data modulation and all '1' data transmission. A conditional BER expression for MC-CDMA with overlap FDE in a frequency-selective Rayleigh fading channel is derived. Without loss of generality, d 0 (0) is to be detected. From Eq. (20), the decision variabled 0 (0) is given bŷ
It can be understood from Eq. 
The conditional BER for the given
)dt is the complementary error function and γ(E s /N 0 , H) is the conditional signal-to-interference plus noise power ratio (SINR), which is given by
where E s = PN c T c is the data symbol energy. The average BER can be numerically evaluated by averaging Eq. (25) over all possible H:
Numerical and Simulation Results
The numerical and simulation conditions are summarized in Table 1 . A sample-spaced L = 16-path frequency-selective block Rayleigh fading channel with uniform power delay profile (i.e., the ensemble average of |h l | 2 is 1/L for all l) and the ideal channel estimation are assumed. For comparison, the BER performance of conventional MC-CDMA transmission with GI insertion of N g = 32 samples is also presented.
Average BER Performance
The impulse response of MMSE-FDE filter is shown in Fig. 1 and those of MRC-and ZF-FDE filters are shown in Fig. 5 . Since the impulse response of MRC-FDE filter exists only at the vicinity of t = 0 and lasts only L − 1 samples, the overlap MRC-FDE can perfectly suppress the IBI. However, since MRC enhances the frequency-selectivity of the channel, the residual ICIΛ 0 and residual ISIX 0 get stronger (note that the ICI is not present at all in the case of OFDM), producing very high BER floor. On the other hand, ZF-FDE can restore the frequency-nonselective channel, the ISI is not produced. However, since the impulse response of ZF-FDE filter spreads over an entire 2N c -sample block, the IBI cannot be suppressed. As shown in Fig. 1 , although the impulse response of MMSE-FDE filter spreads more than the MRC-FDE filter, it is still concentrated around t = 0 and therefore can sufficiently suppress the IBI. Figure 6 plots the average BER performance of MC-CDMA using overlap FDE as a function of the average received E b /N 0 (= 0.5(E s /N 0 )) for the case of QPSK. For comparison, the BER performance of conventional MC-CDMA with GI insertion of N g = 32 is also plotted in Fig. 6 , where the E b /N 0 loss due to GI insertion is taken into account. Figure 6 (a) shows the results for SF=1 (OFDM). The MMSE weight provides the best BER performance among three weights. Overlap MMSE-FDE gives almost the same BER performance as the conventional MMSE-FDE. However, since overlap FDE cannot perfectly suppress the IBI, error floor is seen in high average received E b /N 0 regions. Figure 6 (b) shows the average BER performance with the overlap-FDE when SF=U = 16. Note that the frequency block inter-leaver is used to take advantage of the channel frequency-selectivity and hence to improve the BER performance. The BER performance with the overlap MMSE-FDE can be further improved since larger frequency diversity gain is obtained, and almost the same BER performance is obtained as with the conventional MMSE-FDE. On the other hand, MRC-FDE weight can also obtain the large frequency diversity gain; however, the orthogonality among orthogonal codes is distorted due to enhanced frequencyselectivity and therefore, the large ICI is produced. ZF-FDE provides no ICI; however, since the frequency diversity gain cannot be obtained, the BER performance with ZF-FDE is worse than that with MMSE-FDE. The simulated BERs are also plotted in Fig. 6 . A fairly good agreement between the theoretical and simulation results is seen. Figure 7 plots the simulated BER performance for 16QAM. When SF = 1 (OFDM), the overlap MMSE-FDE gives worse performance than the conventional FDE, due to the residual IBI in a high average received E b /N 0 region. The performance degradation is larger for 16QAM than QPSK. This is because the Euclidian distance between neighboring symbols is shorter for 16QAM, and therefore, the decision error due to the residual IBI is more likely than for QPSK. On the other hand, when SF = 16, high BER floor is seen for the overlap MMSE-FDE when 16QAM is used. This is because the residual ICI is also present in addition to the residual IBI.
Overlap FDE with N c -Point FFT/IFFT
So far, overlap FDE that requires the 2N c -point FFT/IFFT was presented. An overlap FDE using N c -point FFT/IFFT can also be used. In this case, the received MC-CDMA signal stream is divided into a sequence of N c /2-sample blocks, Table 2 . The overlap FDE using 2N c -point FFT/IFFT is only 1.2 times more complex than Table 2 Computational complexity of the overlap FDE. 
Impact of Doppler Frequency
So far, we have assumed a block fading channel, where the channel gains stay constant over 2N c -point FFT block (two MC-CDMA symbols). However, the real propagation channel is time-selective. To discuss the impact of channel time-selectivity, we evaluate the BER performance by computer simulation, assuming that the channel gains stay constant over an N c -sample period (one MC-CDMA symbol). This block fading assumption is used in Ref. [5] . The BER performance is plotted in Fig. 10 for the normalized maximum Doppler frequency f D N c T c = 0.001 and 0.01. Note that f D N c T c = 0.001 (0.01) corresponds to a terminal moving speed of about 80 (800) km/h for an FFT sampling rate of 100 MHz and 5 GHz carrier frequency. As can be understood from Fig. 10 , only a slight performance degradation is seen even if overlap FDE using 2N c -point FFT/IFFT is used. This indicates that overlap FDE using 2N c -point FFT/IFFT is robust against the channel time-selectivity in a practical fading environment.
Conclusion
In this paper, we applied the overlap FDE that requires no GI insertion to MC-CDMA with N c subcarriers. For performing overlap FDE, the FFT block size is extended to the integer multiple of N c for the reception of MC-CDMA signals to suppress the inter-block interference (IBI). With overlap FDE, the transmission efficiency is not reduced at all unlike the conventional FDE. The average BER analysis of the overlap FDE was presented, and was confirmed by the computer simulation assuming a frequency-selective Rayleigh fading channel. It was shown that the overlap MMSE-FDE can provide almost the same BER performance as the conventional MMSE-FDE using GI insertion for the case of QPSK. However, in the case of 16QAM, the BER performance of overlap MMSE-FDE significantly degrades due to the presence of residual inter-code interference (ICI) and residual IBI. An ICI cancellation technique [12] can be used to improve the BER performance. Applying ICI cancellation to overlap FDE is left as an interesting future study topic. In this paper, we assumed ideal channel estimation. However, in the practical system, the channel must be estimated. Channel estimation without GI insertion is also an interesting future study. The second term of Eq. (A· 6) is the sum of (SF × (SF − 1) × (U − 1)) random variable {c u (k)c * u (k )c * 0 (k)c 0 (k ); k = 0 ∼ (SF − 1) and k ( k) = 0 ∼ (SF − 1)} with zero-mean and unit variance. For large SF and U, the second term of Eq. (A· 6) approaches zero from the law of large numbers [11] . Therefore, 2σ φ(k, τ)φ * (k , τ )c
